Many product development methodologies strategically allocate resources to create a portfolio of technology projects. These methodologies work well for projects that are predominantly independent of one another and occur in a common funding cycle. When the projects become interdependent, the complexity of optimizing even a moderate number of projects over a small number of objectives and constraints can become overwhelming. This paper presents an approach to account for and quantify the interdependencies of technology projects and explains how it was integrated into a non-linear, integer program model at The Boeing Company. The model evaluates if and when to start funding a project over a four year period. The effectiveness of each project in each year is influenced by whether or not the projects that it is dependent upon are also funded in that year. The funding choices influence the balance of identified risk in the portfolio, the support for designated categories of objectives, the cost and the estimated financial return of the portfolio. Optimizing the model identifies the funding strategy that maximizes the potential return subject to the spending and portfolio balance constraints. Once the "optimum" strategy is found, the model evaluates the impact of alternate portfolio strategies defined by the user.
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Technology portfolio management has not reached the same level of standardization as investment portfolio management. Project metrics vary greatly from one company to another2. Some measures are quantitative, like estimated return on investment, while others are qualitative, like alignment with company strategy. Varieties of portfolio management tools have been developed to account for different types of metrics. Mathematical and scoring models are better suited to measure quantitative results. Graphic and charting formats provide a better measure of qualitative metrics. The mixture of qualitative and quantitative goals makes it difficult to define and to measure the "optimum" balance of a technology portfolio.
Using multiple tools to balance the portfolio can lead to information overload for the portfolio managers 3 . Technology portfolio managers often develop the final portfolio balance through professional judgment or a scoring/weighting method.
Portfolio Management in Practice
Portfolio management has three goals to satisfy: maximize the value of the portfolio, provide balance, and support the strategy of the enterprise'. The factors to balance may change from one organization to another. Some common factors to balance are risk and reward, market and product line, near term and long term, and project type. The process of managing the portfolio brings about the activities that are normally associated with portfolios: project selection and prioritization, resource allocation and project implementation. There have been numerous methods to carry out these tasks in pursuit of the goals and each has it strengths and weaknesses'. Robert Cooper et a' breaks technology portfolio tools into three categories:
classical, mapping, and mathematical programming.
Classical Portfolio Tools
Classical portfolio tools include scoring and sorting models and checklists. These methods predominantly seek to maximize the value of the portfolio through either financial or nonfinancial measures. English China Clay International uses a method called Expected Commercial Value to maximize the commercial worth of the portfolio'. The method links the expected financial cost and benefit of the project with a probability decision tree that accounts for the uncertainty of a project's technical and commercial success. The expected commercial value is derived through a formula that incorporates the costs and probabilities of each stage of development accompanied by a score for the project's strategic importance. The expected commercial value is used to rank order the list of potential projects in the portfolio. This method and others like it are often criticized for over reliance on financial data and a general failure to identify if the right mixture of projects is in the portfolio.
An example of a non-financial scoring model for portfolio management is from the U.S.
Corporate
Research & Technology unit of Hoechst-A.G., a large chemical company. Projects are numerically rated against a number of well-defined criteria in each of five categories:
probability of technical success, probability of commercial success, reward, business strategy fit, and strategic leverage. The scores for each category are summarized into a single rating to develop an overall Program Attractiveness Score. The computed attractiveness score is considered along with the mix of projects, the resources required and the resources available to prioritize the projects and make Go/Kill decisions during gate reviews. This method of portfolio decision making can be quite rigorous if the criteria within the scoring categories are well balanced. The method still lacks efficiency in allocation of resources and can suffer from false precision when comparing the attractiveness scores of two projects.
The checklist is a variation of the scoring model. The checklist has multiple criteria supporting multiple categories just like the scoring model, however, instead of assigning a score, the criteria is answered with a Yes/No based on a hurdle. A single "No" answer kills the project.
This type of portfolio tool is time efficient with regard to project review meetings and is well suited for weeding out poor projects early. However, checklists do not provide differentiation within a portfolio to rank order projects and are ill suited for evaluating the balance within a portfolio.
Mapping Portfolio Tools
Mapping portfolio tools use graphical and charting techniques to portray the balance of the portfolio. Simple, two-axis diagrams easily display the trade off between two criteria at a time. Another portfolio mapping tool relates research technologies to the potential products then to the final markets. Similar to a precedence network, it accounts for interdependencies between projects and relates them to their potential economic benefit. The product-technology roadmaps are graphed horizontally over a time scale. The projects and products are displayed as bubbles or bars that cover the time span for their period of development. Arrows link the R&D projects with each other and their dependent products". This method provides a means to display the links between projects and the strategy of the company, though it does not address the balance of the portfolio or the maximizing of its financial return.
Mathematical Programming
The earliest portfolio management techniques treated the process as a mathematical model that optimized the commercial value of the portfolio within its resource constraints"'",.
These models were supported by the management science community, though they often lacked credibility with portfolio managers in practice. The mathematical approach had inherent drawbacks. First, modeling techniques focused heavily on maximizing value, but paid little attention to providing balance or to aligning the portfolio with the strategic direction of the company. Second, the models relied on financial projections of each project's commercial value. This is often difficult to estimate when the projects or products may be years away from market introduction. The uncertainty in the financial projections limited the usefulness of the objective function. Relying principally on a single criterion that had a high degree of uncertainty made the method impractical and reduced its credibility". However, in recent years, mathematical programming and project selection models have become more practical and realistic'.
Portfolio Management at Boeing
In 1997, The Boeing Company developed a gate review process in conjunction with a portfolio management process to support a new program. The program within Boeing Commercial Airplanes was responsible for developing the processes that would dramatically reduce the time and resources required to design, build, and introduce new airplane models.
The gate review process and portfolio management tools employed were typical; however, the content of the portfolio itself was unique. Most technology portfolios relate to R&D research or potential new products. Boeing's portfolio was a set of recommended changes to the product development process itself. This created a portfolio of interdependent projects that would be implemented over a number of years.
Boeing employed a combination of classical and mapping tools to manage their portfolio.
These tools are discussed in Chapter 2. Balancing the portfolio with their existing tools was both tedious and complex. The complexity of project interdependency over time required a new integrated decision support tool to assist in the portfolio balancing process.
This paper presents an approach to account for and quantify the interdependencies of This chapter reviews the origin of the program and explains the portfolio management process that they developed.
Airplane Creation Process Strategy
In 1996, Airbus Industries, the European Airplane Consortium, announced that they were going to develop a "super-jumbo," the A3XX" 8 . The plane would be larger than the 747, fly farther and have a lower operating cost per passenger for the airlines. With this new plane, they expected to take away the lucrative top end of the market that Boeing had dominated since the introduction of the 747 in 1970. Airbus claimed that there was a potential market of over 1200 airplanes and that the plane would only cost a few billion dollars to develop. Boeing contended that there were less than 500 potential sales for a plane of this size and that the development cost for the plane would be much more than Airbus' estimate of $8 Billion 19 .
To secure their leadership in this market segment, Boeing immediately began working on an upgraded version of the 747. The strategy was to position a new plane between the existing 747 and the proposed A3XX to steal away enough market share from Airbus so that the remaining sales would not justify their development cost 2 ". A moderate upgrade to the 747 could be accomplished for far less money and in far less time than an all-new design like the A3XX.
A new product development program, the 747-X, was chartered to start defining the statement of work. The initial concept was a stretched version of the existing airframe with new avionics. As the program gained momentum and customer airlines were brought on board, The leader of ACPS was concerned that if they tried for a 50% improvement in cost and flowtime, the tendency of the team would be to modify the existing processes. They decided to create a stretch target that would force everyone on the team to begin with a clean slate. They elected to change their target to approximate an order of magnitude improvement over the current baseline. The goal was revised to define the processes of a company that could design, build and deliver a new airplane for one billion dollars in 10 months. The goal became known as 1/10 (One in Ten).
ACPS Portfolio Management Process
Teams began to develop proposals that would transform the airplane creation process. The implementation of ACPS was expected to occur over a number of stages. The stages, beginning with Stage A, would overlap slightly as the projects made a transition from the ACPS team that developed the idea to the functional organization that would implement and employ the process in the long term. Stages allowed large projects to be divided into pieces that are more manageable and allowed projects from different areas to progress at different paces. The early Stages of ACPS were roughly coordinated with the fiscal budgeting cycle.
One team developed the project selection process that would ensure that resources were allocated wisely and that the ACPS program would stay on target for the long-term goal. The team established a cross-functional Portfolio Management Board (PMB) to develop and administer the gated selection process. For each stage of ACPS implementation, the PMB would hold four gate reviews of the proposed projects (see Figure 1) . At the end of each review, each project was given direction to go ahead as planned, to modify their plan as directed, to combine with another project or to kill the project. Projects that moved forward through each gate review were managed as a portfolio. The goal of the portfolio was to balance near and long term benefits, cost, risk, and support for ACPS's strategic objectives. 
A CPS STP Development Funnel -Stage A

Probability of Success
The probability of success of each STP had to account for both the technical feasibility and the chances of successful implementation. The PMB borrowed a practice that was developed at General Electric called Quality x Acceptance -Effectiveness. Quality is the technical feasibility of the proposal and its potential to correct the problem rated on a scale from one to ten. Acceptance is a value from one to ten that relates to the probability of the proposal being fully implemented based on the culture of the organization. The Effectiveness is the product of Quality and Acceptance. The PMB used Effectiveness as the percent probability of success for the STP. For example, an STP with a quality value of 8 and an acceptance value of 5 resulted in an overall probability of success of 40%.
The PMB used the probability of success value in three ways. First, the value itself helped as a criterion in the gate reviews. Second, if the probability of success of an STP was rated low, the PMB could better communicate to the submitting team whether the weakness was technically or culturally based. The probability of success was also multiplied by the projected revenue of the STP to weight financial return of the portfolio to arrive at an aggregate expected return.
Project Interdependence
The PMB knew that many of the projects were interdependent, especially those that supported a common ACPS strategic objective. They created a wall-sized dependency network between all Stage A STPs. Unfortunately, the network had so many links that they had difficulty interpreting the data. Furthermore, they did not have a means to quantitatively incorporate the information into the decision making process. They decided to account for the dependency using the qualitative assessment of the portfolio board members.
Capability and Process Change
As stated in the first chapter, it is common for portfolio managers to use risk-reward diagrams.
The Portfolio Management Board developed a variation of this relative to the company's processes and capabilities, where the magnitude of changes in the process relate to risk and the resulting capability of the process relates to reward. For instance, it is more desirable to make an incremental process change to receive a dramatic increase in process capability than to make a big change in the process for only a small change in capability. Changes in process and capability are generally highly correlated. The Capability and Process Change Matrix captures the relationship and relative magnitude of these parameters for each project. The scale of change ranges from "None" to "New Core Process/Capability."
The projects were plotted in their general position on a matrix (see Figure 3) . Projects in the lower left corner were dubbed "Planning STPs" because they were low risk and generally provided infrastructure for later stages of implementation. The next zone, titled "Incremental STPs", generally contained near term payoff projects with medium risk. These STPs typically modified an existing process in the company. The final region, "Platform STPs", were higher risk projects based on developing new processes and capabilities in the company. Each of the three zones was assigned a unique color to add visual clarity. Additional information was shown on the diagram to portray the status of the STP as of the most recent gate review. Red circles identified projects that either were on hold or were about to be canceled. Blue squares represented project proposals that were being revised or combined with other STPs. The black squares identified the STPs that were given the go ahead at the last gate review. The 
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Objective The Stage A portfolio balancing process was considered a mixed success. It absorbed a large amount of data from the STPs and summarized it in just a few portfolio management tools.
However, even at that level of complexity, the time and effort required by the Portfolio Management Board to balance the portfolio were very high. Consequently, when updated financial information became available in the latter part of Stage A, the portfolio was not rebalanced using the entire original process. Instead, they chose to "tweak" the original portfolio and re-estimate its cost and potential return. The major drawbacks of the process were related to its inability to quantify the impact of project interdependencies and account for the riskreward trade off at the individual project level. Stage B would bring even greater complexity.
That latter gate reviews of Stage A would overlap with the early gate reviews of Stage B. The PMB did not have a means to balance the ACPS program level portfolio when STP interdependency crossed stages. The Portfolio Management Board needed to extend the capability of their tools to accomplish the task. The Dependency Matrix is a square matrix of size np x n,, where n, is the number of projects.
Each project represents one column and one row ordered identically, similar to a Design Structure Matrix". Each element in the matrix, dvaries from zero to one. The value of d, represents the level of dependency that project i (1, 2, ... , n,) has on project j (1, 2, ... , n,). A value of zero implies that the project i is entirely independent of project j for its financial success. A value of one implies that project i is entirely dependent on project j for its financial The following example illustrates the process. Project i is dependent on two other projects j, both with dependency values (d,) of 0.2. Project i's minimum benefit level (M) is estimated at 0.8. The business case analysis projected revenue for project i at $100,000. If project i is funded, but the two projects j are not, then the expected revenue from project i is $80,000.
The remaining 20% (1-M) of the potential benefit of project i is distributed between the two projectsj based on the relative weight of their dependency values (di);in this case 0.10 or $10,000 each. Thus, if project i and one of the projectsj are funded, the expected revenue from project i would be $90,000.
Sample Dependency Matrix
The following is an example of a Dependency Matrix with its values dj. Note that no projects are dependent upon Project 1 and that the diagonal values are zero where i -j. The minimum benefit level for each project is introduced. Note that if the project is not dependent upon any other project, then by definition, the minimum benefit level must be one.
Projects j
In the example below, if Project 2 were the only one funded, the project would expect 80% of the financial benefit claimed in the project's business case analysis. 
Decision Variables
The model's decision variable (X) is binary for each project i (1, 2,..., n,) in each calendar year k (1, 2,..., n) . A value of one indicates that project i will start receiving funds in calendar year k; it is zero otherwise. A project can only be launched one time and once it has started receiving funds, it remains funded through the remaining years in the model.
Input Variables
For each project i, the model requires data on its cost, revenue, probability of success, strategic objective, capability change level, process change level, minimum benefit level, and weighted dependencies. Each category of data with the exception of the minimum benefit level and weighted dependencies was developed for each project during the Stage A gate reviews of the The Portfolio Management Board rated each project on its probability of success, strategic alignment and risk. Each project was evaluated on its technical feasibility and its chances of successful implementation to arrive at a single value for probability of success. The probability of success of project i (P,) is a value between zero and one. The PMB also aligned each project with the strategic objective it most strongly supported (see Figure 4 ). The strategic objective N, is a binary variable which is one if project i supports objective m (1, 2,..., nm) and zero otherwise. In the model, a project can only support one strategic objective, although in reality it might support several objectives.
As a relative measure of risk in the portfolio, the PMB rated each project on its impact on the capabilities and the processes of the company (see 
The second constraint is the maximum number of projects (Q) the model is allowed to fund in the portfolio. This constraint provides flexibility to use the model as a tool to evaluate alternate portfolios. Using the model to evaluate the portfolio options is discussed in chapter
4.
11P "k JZ Xk -Q<0 (7) i=1 k=1
The last user-defined constraint involves the number of projects that must support each of the strategic objectives (M) of the program. The Portfolio Management Board decides which objectives to emphasize with the portfolio by identifying a minimum quantity of projects to support each objective.
iN,
Where Ni,= I if project i supports objective m and equals 0, otherwise.
The remaining constraint defines the limits on the decision variable. For the decision variable
Xik, each project can only be launched one time.
Model Objective Function
The objective of the model is to find the combinatorial optimum set of projects to start funding in each calendar year to maximize the net present value of the entire portfolio subject to the budget, project quantity, and strategic alignment constraints. The revenue contributed by each project is influenced by its probability of success P and the effects of the Dependency Matrix M and Dik. In the equation below, the net present value discount factor for each calendar year t at the designated hurdle rate is represented by F,.
Max NNXiRF P(Dk +M,)- The second graph displays the quantity of projects in the portfolio supporting each strategic objective (see Figure 6) . The constraint M,,, specifies the minimum quantity of projects required to support each objective. The graph reports the actual number based on the portfolio defined by Xk. This graph is a summary of the PMB's Strategic Objective chart (see The financial output of the Optimization Model was validated against the ACPS financial model by comparing numerous identical portfolios with each tool. Next, the optimal solution for Stage A was compared with the original solution developed by the PMB. This comparison produced a few notable differences. First, the total revenue of the two portfolios was very similar, however the cost of the optimized portfolio was roughly 15% lower. This generated a higher net present value for the optimized portfolio. Second, the number of projects (Q) in the two portfolios was very close. Third, approximately 40% of the projects were common to both portfolios.
The NPV-based objective function seemed to weigh costs more heavily than the PMB's original process. To test if this were true, the objective function was altered to maximize total revenue instead of NPV and the model was re-solved. Surprisingly, when revenue was maximized, the commonality of the projects in the two portfolios diverged even farther, but the total revenue remained about the same, albeit higher in the optimal. After some examination of the data, it became apparent that many of the projects had projected revenues of the same magnitude. Thus, there were numerous potential solutions to achieve nearly identical total portfolio revenues.
De-coupling the Dependency Matrix from the rest of the model creates a linear version that provides a means to examine the effects of project dependency. In the case of Stage A data, less than 5% of the elements (d) in the Dependency Matrix were populated with values greater than zero. The mean value of the elements was roughly 0.3. The Dependency Matrix therefore had a weaker effect on the Stage A solutions than anticipated. The most noticeable effect of the Dependency Matrix was that it formed groups of interdependent projects. These project groups tended to stay together either in or out of the portfolio, especially when many optimization constraints were binding.
Observed Benefits
The intent of the Optimization Model is to provide a tool for the Portfolio Management
Board to easily evaluate portfolio alternatives. Consequently, the mathematically optimum portfolio funding strategy found by the solver is intended to be a starting point for evaluation not the final solution. The PMB was more concerned with a model that was flexible, easy to manipulate and easy to interpret than it was with the speed or accuracy of the solver. The model also provided consistent results that were not available from the original PMB process.
The model's spreadsheet architecture made it simple to reconfigure to answer a variety of questions. The same basic model could be used to answer questions like, "If we could fund one more project this year, which one best supports the existing portfolio." To accomplish this task, the decision variables (X) for the existing portfolio are fixed by additional constraints. The project quantity constraint (Q) is set to a value of one greater than the number in the current portfolio. In this way, the data from the existing portfolio is considered when evaluating additional projects. Through similar manipulation of the constraints, the model could answer other incremental questions like, "If we had X more dollars to spend this
year, how much would it increase the NPV of the portfolio?"
The architecture of the model combined with use of the original portfolio metric data made it easier to re-evaluate the entire portfolio when project metrics were updated. For instance, new financial projections were available on many projects just before a scheduled stage gate review. 
Potential Drawbacks
The mathematical nature of the model requires the input data to be numerically quantifiable.
Many optimization models have been criticized in the past because they rely too heavily on financial data that are either not available or are not of high fidelity 2 '. In the case of the ACPS program, the financial data were previously developed using a detailed financial model that had been validated and had credibility within the program. The minimum benefit values (M) and
the Dependency Matrix values (d) were the only data created to support the model.
Another criticism may be of the fidelity of the values populating the Dependency Matrix. The values of the minimum benefit level and the matrix do not have to be precise, but their relative ranges do have to be consistently applied. It is pointless for PMB members to argue over whether a particular element should be 0.98 or 0.95. It does matter that they agree on the general magnitude and that the values within the matrix are judged on the same relative scale.
The value of the Dependency Matrix occurs only when it is evaluated in aggregate.
There is also the tendency with mathematical models for the users to perceive a false sense of precision. The Portfolio Management Board did not succumb to this because they had already established the balance of the portfolio for Stage A before the Optimization Model was completed. The more typical reaction from the PMB when the model was first demonstrated was a realization at how much time they could save by having a valid, balanced starting point for the portfolio analysis. One board member commented, "The two scenarios you just solved for in five minutes took six of us eight hours to do on a Saturday." The model was perceived as a faster method of comparing alternate portfolios, not as a financial estimator for the program.
Alternate Applications
The Dependency Matrix was created to solve a particular problem at Boeing, though its simple form could easily be adapted for use in other types of models. The Dependency Matrix is useful in situations where a large number of elements are interdependent. The effect of the matrix can be either additive or subtractive. For example, on ACPS the effect subtracted from the project's potential if all supporting projects were not funded. By changing the Minimum Benefit Level to be a Maximum Benefit Level, the matrix's effect could add to the potential of a project if supporting projects are present.
A potential application of the matrix using a subtractive effect is the cannibalization of sales between products in a company's portfolio. The Dependency Matrix could quantify how one product cannibalizes the sales of other products already in a company's product line when their target markets overlap. Of course this would only provide the direction of the impact and its severity, but not account for the rate of the effect 27 .
There is also the possibility of using the Dependency Matrix to link research to products and products to markets as discussed in chapter 1 (see Mapping Portfolio Tools). This could be accomplished using multiple matrices. One matrix would relate technologies to each other. A second matrix would link the technologies to the products, and so on. In this case, the Optimization Model would connect the costs of the technologies to the benefits of the products. The model could also take care of the temporal effect of the life cycles involved in the technology and product development process.
The Optimization Model itself may not be directly applicable to other companies, though the general concept of the model might prove useful. The concept integrates numerous portfolio metrics, both quantitative and qualitative, into a single model. Integrating the metrics of an existing portfolio management process can be applied easily to other companies or situations.
Furthermore, using a mathematical model as a scenario planning and sensitivity analysis tool that provides real-time results to the portfolio managers has proven beneficial.
Conclusions
From the perspective the ACPS program, the Dependency Matrix and the Optimization Model work together to enhance the portfolio management process. It provides a quick method to assess the balance of a portfolio as portrayed through the established PMB metrics.
The Dependency Matrix is a simple tool to document and quantify the interdependencies between projects. The values of the Dependency Matrix elements do not have to be precise, but the criteria for establishing the values must be consistently applied. The format of the matrix provides flexibility to add, remove or combine projects to conform to the decisions made during stage gate reviews. Finally, the process of populating the matrix can provide an effective forum for portfolio managers to discuss the interdependencies between projects and document the results.
The Optimization Model utilizes existing data, incorporates the aggregate effect of the Dependency Matrix, and integrates the existing portfolio management tools on the ACPS program. Using the optimal funding strategy as a starting point, the model's spreadsheet format provides flexibility to evaluate performance of alternative solutions. The performance of the portfolio is summarized in graphical formats similar to the PMB's existing portfolio management tools to simplify interpretation.
Dr. W. Edwards Deming summarized it best when he said, "All models are wrong. Some models are useful." The Dependency Matrix and the Optimization Model are not a magic bullet to solve the portfolio management process. They do provide additional tools to support the complex decision process to satisfy all three goals of portfolio management: maximize the value of the portfolio, provide balance, and support the strategy of the enterprise". They effectively provide a means to optimize and balance interdependent projects over multiple time periods in a technology portfolio.
